CAD integrated tools are accelerating product development by incorporating various aspects of physics through coupling with computational aided engineering (CAE) packages. One of the most challenging areas is fluid-structure interaction (FSI) of low mass bodies such as flexible marine risers/cables with vortex-induced vibrations. The focus of this work is on the application of a new Multi-Iterative Coupling (MIC) procedure to couple AcuSolve (fluid solver) with Abaqus (structural solver).
INTRODUCTION
The nonlinear dynamic analysis of fluid-structure interactions has been given increased attention during recent years in offshore applications. This is largely because computational methods and resources have become very powerful and they can be used at reasonable costs with great benefits in numerous offshore engineering problems [1] [2] [3] [4] [5] [6] [7] [8] , e.g., drilling and production risers, mooring lines, marine cables and offshore platforms. From both the design and operational standpoint, it is important to be able to predict the hydrodynamic forces and motion of such structures caused by fluid-structure coupling. Due to the complexity of the hydroelastic problem, theoretical and semi-empirical models remain incomplete and problem specific. Typically, the simplified models rely on the force input as well as the added mass coefficient and geometric correlation parameters. Until recently, prediction of hydroelastic interactions and vortexinduced vibrations were primarily based on such semiempirical methods.
Fully coupled FSI analysis represents the class of multiphysics problems in which it is important to study the effects of fluid flow on flexible structures and their subsequent interactions. There are many problems in offshore where a direct fullycoupled analysis is needed to model the physics of the fluidstructure problem accurately. This particularly becomes a need for a structure with geometric and material nonlinearities that undergoes large deformation while interacting with turbulent flow. For example, in the simulation of long marine risers, the contact conditions of the riser with support guides or centralizers are nonlinear. Similarly, there are nonlinear soil structure interactions at the touchdown point for steel catenary risers. Although material nonlinearities are not important for typically steel risers, new concepts with composite material and various end-termination components have nonlinear material properties. The presence of these effects means that a nonlinear structural model must eventually be incorporated in the solution of riser problems and also that large mesh motions must somehow be accommodated in the fluid flow solution.
In such studies, it is important to develop an efficient and general approach towards solving fluid flows coupled with structures. The flows can be modeled as fully incompressible or slightly compressible and can include turbulence effects. The structural components can comprise solids, shells, beams and other elements including contact surfaces, gaps etc.
Our objective is to present some developments to solve fluid flows with structural interactions. In particular, we are interested in realistic simulations of offshore applications involving low mass bodies such as flexible marine risers/cables with vortex-induced vibrations. We present two methods with an aid of direct-coupled FSI framework: Conventional Sequential Staggered (CSS) scheme [9] with explicit integration and multi-iterative coupling procedure based on implicit sub-iterations. The framework combines AcuSolve, a general-purpose fluid dynamics solver distributed by ACUSIM Software, Inc. [10] and the structural solver Abaqus distributed by Simulia [11] .
In the following sections we describe the direct-coupling FSI method of combining 3D fluid flow solver with the structural solver. We then briefly discuss explicit sequential staggered and new multi-iterative coupling schemes. Benchmark test cases of flexible baffles and short riser sections are presented to analyze the stability and robustness of the multi-iterative coupling scheme. Finally, a full scale riser model is simulated using the new scheme. 
DIRECT-COUPING FSI
The coupled fluid-structure interaction equations comprise the initial-boundary value problems of the fluid and the structure, complemented by the traction (dynamic) and displacement (kinematic) boundary conditions at the fluid-structure interface. The Acusolve Direct-Coupling technique can be used to solve complex FSI analyses by coupling to the external structural solver Abaqus in the partitioned manner as shown in Fig. 1 . In the partitioned approach, the decomposed domains of the fluid and solid share a common interface boundary. The structural equations are conventionally formulated in Lagrangian coordinates on a mesh that moves along with the material, while the fluid equations are formulated in Eulerian coordinates, where the mesh serves as a fixed reference for the fluid motion. For the coupling of these media, the fluid solutions are accommodated with the structural motion by an arbitrary-Lagrangian-Eulerian formulation [12] . Particular care must be taken to properly couple the fluid and the structure along the interface between the media. where d f and d s are the displacements, P f and P s are the tractions of the fluid and structure, respectively, and Γ fsi is the interface of the fluid and structural domains. These conditions must be imposed efficiently in the coupled numerical scheme. While the ALE fluid system computes the traction field P f on the element surfaces of the interface, the structural system is solved based on a set of forces at the nodes on the interface.
Assume that the fluid and structural domains have been meshed independently and the nodal positions do not match (see Figure 2) . The projection and interpolation of tractions and displacements are achieved across the non-matching discrete interface. The projected fluid tractions are imposed as concentrated forces onto the structures, and the structural 
EXPLICIT COUPLING SCHEMES
At each time step, explicit staggered techniques are generally used to satisfy the continuity of velocity and traction conditions in a sequential manner, often referred to as the conventional sequential staggered (CSS) procedure [9] . The explicit CSS scheme appears attractive from a computational viewpoint as the solutions of the fluid and the structures are computed once per time step. However, it may suffer significantly from destabilizing effects introduced due to a lag between the fluid and structure solutions [13, 14] . Depending on the direction of the interface acceleration, high under-or over-prediction of pressure may occur due to the lack of energy equilibrium across the fluid-structure interface. In other words, any small error in the interface displacements imposed onto the fluid by the structure will result in large errors in fluid pressure.
The numerical instability depends upon the material properties of fluid and structure and also on the relative geometric scales of the domain and the compressibility of the fluid. Notably, the sequential staggering introduces an explicit nature into the coupling even if both domains are solved implicitly. For incompressible fluid interacting with low mass structures, reducing the time step size does not cure the instability regardless of whether the Courant condition for the individual domain is satisfied. This implies the instability is inherent in the sequential staggered scheme due to the strongly nonlinear nature of fluid-structure coupling.
A variety of structural predictors and force corrections (addedmass) can be employed at each time step to enhance the coupled numerical stability, for example: Generalized Sequential Staggered (GSS) [15] and Modified CombinedInterface Bundary Conditions (M-CIBC) [16] . At each time step, the prediction of displacement d The above predictor-corrector procedure generally determines the order of temporal accuracy and provides an interface based relaxation to the coupled numerical instability. However, such interface predictors and force correction terms may not provide sufficient stability and robustness for the light-weight structures interacting with highly incompressible fluid. In addition, the explicit correction terms involve coupling parameter and coefficients which depend on the underlying spatial discretization and the time integration schemes. In the next section, we turn our attention to the multi-iterative coupling scheme based on the implicit sub-iterations.
MULTI-ITERATIVE COUPLING SCHEME
In the multi-iterative coupling scheme, the full partitioned system is treated with an implicit integration operator similar to the monolithic integration. This implicit integration is performed by the predictor-corrector iterations while maintaining the explicit "loosely-coupled" nature of the information transfer similar to the CSS. To begin, the resulting coupled algebraic system of equations to be solved for each time step can be written in abstract form: scheme. Instead, the scheme proceeds in a similar fashion as the above predictor-corrector schemes by constructing a force correction.
(2) (3)
The interface force correction terms are formed by iterating between the solutions of fluid and structure. Sub-iteration is done by cyclic substitutions at the same time step. For example, the force correction approximation In summary, the fluid and structure equations are solved sequentially (similar to the explicit coupling schemes) to pass latest interfacial solutions from one model to the other in the MIC. For both Abaqus and AcuSolve, the nonlinear subiterations are continued until the coupled iterative forces have been solved up to residual tolerance. The multi-iterative force corrections allow to achieve asymptotic convergence of forces along the fluid-structure interface for a range of mass density and frequency ratios. To illustrate the stability of the schemes, we conduct numerical experiments on prototypical fluidstructure interaction problems in the next section.
TEST CASES
The objective of this section is to present test simulations that briefly demonstrate the numerical capabilities described above. In all simulations, the variants of Newmark approximation [18, 19] in time will be applied for the fluid, the structure and the moving ALE mesh equations. Of interest in this work is to characterize the influence of mass-density ratio on coupled FSI problems involving large displacements.
The relative characteristic mass ratio µ r is defined as 
Flexible Baffle Problem
To assess the effects of mass-density ratio, we first consider the hydroelastitc deformations of a flexible baffle in a channel with inflow speed of 10 m/s (see Fig. 4a ). No-slip boundary conditions are applied at the top and bottom of the channel. The fluid domain is discretized by 1856 elements and the structure is modeled by 64 elements of geometrically nonlinear continuum type. The top end of baffle has zero displacement condition. A matching coupling time step of ∆t c =0.005 sec is used which allows a high resolution of the coupled dynamics. The selected fluid flow and solid material properties lead to a substantial deflection of the structure as shown in Fig. 4b . In the figure, a snapshot of the highly transient dynamics of the coupled problem is given where velocity vectors are plotted on the absolute velocity. It highlights the significant influence of the structural motion on the flow field and vice versa. The influence of the structural density is compared for the sequential staggered and multi-iterative schemes on the 
motion of the flexible baffle. Oscillations in the integrated baffle displacements indicate numerical instability. The test cases corresponding to decreasing mass density ratio (lowering of structural density) are summarized in Table 1 . We observe the behavior of the schemes in the time interval [0, T max = 2 sec].
For the sequential staggered scheme, the normalized streamwise and cross-stream displacements of the first three cases are plotted in Figs. 4(a)-(b) . The onset of instability is predicted roughly at the mass density ratio of 6.0 (Case2) and the coupled simulation becomes unstable at the mass density of 3.0 (Case3). Unfortunately, decreasing the time-step size and increasing the number of nonlinear sub-iterations does not eliminate the onset of instability. Moreover, the fluid pressure is highly sensitive with respect to the correctly determined fluid-structure interface position and small overprediction/under-prediction along the interface yields large coupling force errors. Thus implicit coupling of the pressure is unavoidable, which leads to the need for multi-iterative coupling. The stability limits with respect to the mass density ratio is further displayed in Table 2 . The results confirm that the explicit coupling schemes for the baffle problem suffer stringent lower limit (i.e., mass density ratio µ r > 1.0) for the structural surface density than the multi-iterative coupling scheme. While the sub-iterations based force corrections provide sufficient stability to the fluid-structure system, the multiiterative scheme requires at least two iterations of fluid and structure field solutions per time step. For very thin and light structures, the required sub-iterations per time step may rise up to 6-8; therefore solving the fully-coupled solution may require large hardware clusters for practical engineering problems 1 . For further effectiveness, efficient formulations are desirable for this special class of coupled problems. Next we present a more general test case related to offshore applications using the multi-iterative coupling scheme.
Short Span Riser Model
This test case is designed to simulate the behavior of flow around a short span riser with L/D = 50 with mass density ratio of 1.5 µ = r . The present example has been designed for two purposes. Firstly it demonstrates the capability of the fully-coupled scheme to simulate the vortex induced vibrations at low-mass density ratio. Secondly, it is also used to compare a simulation computed from beam structural elements to one performed with shell structural elements.
The geometry of the initial problem is depicted in Fig. 6 . The fluid has the material data of sea water. At the inflow, the water enters at the fluid domain with a horizontal velocity of 1.2 m/s. This speed corresponds to the subcritical Reynolds number of Re D =81640. Symmetry boundary conditions are applied at the top, bottom and side walls of the fluid domain. The structural material properties are: density=3791 kg/m 3 , Young's modulus E =1.5E9 Pa and Poisson's ratio=0.42. The pinned-pinned boundary conditions are imposed at both end points of the structural model. The fluid domain is discretized by a total of 4619981 tetrahedral elements and 805105 nodes and the riser structural surface is modeled by 15000 quad elements (reduced-order integration) for the thin shell case and 100 line elements for the beam model. These spatial discretizations have been selected by a grid independent study of the standalone fluid and structure solutions. Since this problem is highly transient in nature, we have used a small matching coupling time step of ∆t c =0.005 sec. Even if the fluid mass density is roughly the same as the structural mass density, the sequentially staggered scheme is unstable for this riser problem due to the greater geometric scale of the problem. Therefore, the multi-iterative scheme with 2 sub-iterations between AcuSolve and Abaqus has been used to obtain the stable solutions for both the beam and shell element cases.
In Fig. 7 , the evolution of velocity field at t=1 sec (top) and t=2 sec (bottom) of the coupled problem is shown. The results are obtained using the beam (left) and shell (right) structural elements. The results suggest that the coupled dynamic behavior for the two discretizations is quite similar. In particular, the above plots can be used to contrast the overall deflection of riser and the vortex shedding in the fluid domain. The similarity is also obvious from the streamwise and crossstream displacements of the riser as depicted in Fig. 8 . At least before 1.5 sec, the two simulations predict similar behavior. After 2.0 sec, the discretization by shell elements provide lower streamwise displacement than the beam elements, but not much apparent difference is seen in the solution of crossstream displacements. The boundary conditions for the fluid domain and the structural models are identical for both the cases and a detailed grid convergence studies are carried out for individual domains for both cases. solver. In the current DC-FSI implementation of AcuSolve and Abaqus coupling, the shell element case was also found to be about 2 times more expensive for the overall coupled solution than the counterpart beam element case. These observations are important with respect the computational efficiency of the fully-coupled FSI simulations, and they suggest utilizing the low-cost beam elements for riser type of applications to obtain a similar structural dynamic response. 
SIMULATION OF MEDIUM L/D FLEXIBLE RISER
The final application for fully-coupled FSI consists of the riser model with L/D=1407 tested by the Norwegian Deepwater Programme (NDP) and reported in [17] . The riser has a length of 38 meter length and 0.027 meter diameter and the model was towed with the linear sheared currents at a subcritical Reynolds number. The numerical approach taken here assumes that the fluid flow over the riser must be described using a three dimensional flow solution. The numerical modeling has three parts: the resolution of the boundary layer, the resolution of the near wake and the resolution of the far field. A variety of mesh solutions have been used here in an attempt to find the most economical mesh. To further reduce the initial grid nodes, a small rectangular domain around the riser was modeled. The inflow and outflow planes of the riser domain are moved along with the riser structural motion.
The riser fluid domain was modeled with an initial mesh of 9.9M nodes (which was near the limit of the 24 CPU computer used). A unidirectional steady shear current of 2 m/s was applied. The structure part was modeled as an elastic beam of hollow circular section divided into segments. The nonlinear and dynamic fluid-structure coupling was achieved by considering a complete description of the hydrodynamic forces and instantaneous displacements.
Flow visualization
A sample flow pattern is presented in Fig. 9 for the linear shear case at 2.0 m/s. As the vibration moves down the riser vortices are shed in the wake. The vortices break down and split. Vortex shedding modes such as 2P and 2S have been identified in the isolated cases examined. The adaptive motion of inflow and outflow planes can also be seen in the visualization. The linear shear current vectors are shown at the moving inflow plane. 
Dynamic response
Using the direct-coupling FSI approach, the crossflow and inline responses for the riser were analyzed in an effort to understand the complex cable dynamics. Figures 10(a)-(b) show the calculated cross-stream and inline displacements of the riser at two different locations. Also, a transient response is shown by the corresponding trajectories of crossflow and inline displacements in Figs. 10(c)-(d) . The complex response shown in Fig. 11 reveals a strong traveling wave pattern with standing waves at the ends of the riser, due to the end conditions. The riser response is in fact in nonlinear equilibrium between the flow induced excitation forces and the structural dynamics, and is characterized by varying amplitudes and phases along the riser length. The excitation is caused near the top of the riser at the high current region and the wave propagates to both ends. This region, referred to as power-in, was observed to shift in time. In the cases examined, the power-in region was located in the high current region between 0.6 and 0.95 z/L. The shift to areas of higher and lower velocity may be caused by the inline motion of the riser that drifts back and forth due to the slow change in drag force, or due to the mode or frequency shift. 
CONCLUSIONS
A full three dimensional CFD model was coupled with a structural model to predict complex fluid-structure interactions. We considered quite general flow fields and very general structural conditions, as simulated with the directcoupling FSI technique of AcuSolve and Abaqus.
For the sequential staggered schemes, the instability is highly influenced by the ratio of structural to fluid mass density. Whenever the structure and fluid mass densities are comparable, the numerical instability is almost unavoidable for the physically stable solution. Only in the cases where the fluid density is much lighter than the structure (e.g., air with aluminum) is a conditionally stable solution possible from the 
explicit staggered schemes. The interface structural predictions and the explicit force correction operators postpone the onset of instability while being unable to prevent it for a very low mass density ratio.
To overcome these deficiencies we have developed a subiteration based multi-iterative coupling procedure. The current implementation of the procedure can be used for complex fluid flow problems with structure interactions, and it retains the modularity of both codes. We see considerable potential to further increase its robustness and effectiveness. To improve the computational efficiency of the multi-iterative coupling scheme, we need to employ accurate and consistent prediction techniques in order to accelerate the sub-iteration convergence per time-step.
We demonstrated the versatility of the multi-iterative coupling scheme for increasing complexity of problems. The response of a long flexible marine riser in a shear current was investigated with details using the scheme.
